In this article, a simple model of aluminized explosive products under strong constraint is established. The analytical model incorporates the minimum details necessary to capture the contribution of the Al oxidation in the detonation products. In order to solve the flow field of aluminized explosive products analytically, some assumptions are necessary. It is assumed that Al particles are inert during the detonation reaction and do not affect the flow before oxidation of Al particles. To solve the flow field behind the detonation front analytically, the expansion process of detonation products is divided into several time ranges. In each short time range, it is assumed that the process is approximately isentropic. The metal plate test was conducted, and the motion of the metal plate was obtained. The comparison of calculation and test results was conducted. The quasi-analytic model can describe the contribution of Al reaction in the detonation products correctly, and the calculation results are in good agreement with test results.
Introduction
The addition of aluminum to condensed explosives to increase the total energy release of the explosive is a common practice. Aluminum in its powdered form generally does not react quickly enough to contribute to the detonation front itself; 1 they can react with the detonation products of the high explosive, significantly contributing to the strength and acceleration of the blast wave. The acceleration ability of aluminum explosive relates to the concentration of aluminum and the degree of Al oxidation.
Often, multi-phase computational fluid dynamic (CFD) model has been used [2] [3] [4] [5] [6] [7] [8] [9] to analyze the conditions of Al particles with the detonation products. Mesoscale modeling with hydrocodes is also widely used. 6, [10] [11] [12] Although these models can, in principle, describe plenty of details about the phenomena mentioned above about aluminized explosive, developing an analytic model that captures the key elements of the problem in a way that makes the dominant features easily discernible would be preferred. For example, the classical Seshadri formulation analytically describes the structure of premixed flames propagating in a uniform cloud of fuel particles. However, it is not suitable to analyze the combustion of Al and detonation products under high pressure and temperature. In this article, we developed a new model based on the classical theory for ideal explosive that incorporates the reaction of Al with the products, allowing us to analytically investigate the contribution of Al oxidation in the detonation products. To analytically solve the flow behind the detonation front of the aluminized explosive, we propose an assumption called local isentropic process, which enables the conclusion that the flow field behind the detonation front of aluminized explosive is only a function of the reacted aluminum mass fraction at each time. A metal plate test under strong constraint was conducted to obtain the velocity of the plate and, indirectly, the mass fraction of reacted aluminum powder. We then compared the test result with the results calculated by our analytic model and found the calculation results are in good agreement with the test results.
The assumption of the model
The flow of detonation products of aluminized explosive is more complex than ideal explosive due to the reaction of Al particles with detonation products. To analytically describe the contribution of Al oxidation in the detonation products, we simplified the problem and proposed some assumptions.
To simplify the problem, consider the detonation of aluminized explosive contained in a rigid tube and the motion is confined to one dimension. Based on the classical one-dimensional model for ideal explosive, the state equation of detonation products is 
The reaction mechanism of aluminized explosive
It is assumed that none of the aluminum particles reacted during the detonation, and the Al oxidation occurs in the products behind the detonation front. 15, 16 For detonation of aluminized explosives, the duration for energy release of the reaction of explosive components is generally less than 0.1 ms, while the energy release for Al oxidation is in the order of microseconds to several milliseconds. 17 Therefore, the reaction rate of explosive components is much quicker than the rate of Al oxidation. So, the assumption mentioned above is valid for aluminized explosive.
The state of aluminum powder in detonation products
It is assumed that Al particles in the flow field do not affect the flow before oxidation of Al particles. This assumption is valid for the small particles loading in the high explosive (Rudinger 18 for example). The small particles could be viewed as small perturbation to the flow field of detonation products.
The afterburning of the aluminum is modeled following the work of K Balakrishnan et al., 19 which was originally applied to the combustion of aluminum in a gas phase. We adapted the Noble-Abel equation to determine the equation of state (EOS) of gas-phase aluminum. 20 The assumption of local isentropic process
The flow behind the detonation front of aluminized explosive cannot be treated as an isentropic process approximately due to the chemical reaction of Al particles in the detonation products. We propose an assumption of local isentropic process to analyze the non-isentropic flow behind the detonation front of aluminized explosive. The rate of aluminum oxidation is relatively slow, so we divided the products' expansion process into many small ranges along the time axis. In each short time range, we assume that the process is approximately isentropic (the mass fraction of reacted aluminum is approximately constant). Using this method simplifies the flow behind the detonation front of aluminized explosive and enables analytical evaluation. We call this assumption as local isentropic process.
Note that the detonation of aluminized explosive is extremely violent and fast, and it is difficult to obtain detailed quantitative data related to this phenomenon directly. In this article, the metal plate acceleration test was conducted to obtain the velocity of metal plate driven by different kinds of explosive and the reaction degree of Al powder in the detonation products indirectly. The comparison of test results and calculation results was conducted. The model correctly described the contribution of Al oxidation in the detonation products of aluminized explosive. The assumption of local isentropic process is indirectly validated by this result.
Model of aluminized explosive products
The model of high-explosive detonation products As was mentioned in section ''The assumption of the model,'' the high-explosive detonation products are treated as a perfect gas and Al particles do not affect the flow of the detonation products. The expansion of the detonation products is confined by rigid tube to one dimension. Based on the method of characteristics line for one-dimensional isentropic flow, the Riemann invariant along a right-running characteristic line can be obtained
When g = 3, m + c = constant. Therefore, the slope of characteristic line of right-running wave is constant
The same can be shown for left-running wave. This flow is shown by the sketch in Figure 1 .
The model of aluminized explosive detonation products
As was mentioned in section ''The assumption of the model,'' it is assumed that the Al particles exist in gas phase in the products. To determine the EOS of gasphase aluminum, we adapted the Noble-Abel equation of the form
where R denotes the gas constant, l Al is the reacted aluminum mass fraction, r is the density of aluminized explosive products, a is the initial aluminum mass fraction of aluminized explosive, n is the number of moles per unit volume, and A n is an empirical constant. Based on the state equation of mixture of aluminum powder and perfect gas, we can obtain the state equation of detonation products of aluminized explosive by isentropic transformation. The state equation of perfect gas is
where b is the initial high-explosive mass fraction of aluminized explosive. The state equation of mixture of aluminum powder and perfect gas is
As was mentioned in section ''The assumption of local isentropic process,'' the process of product expanding is composed of several small processes which are isentropic. The state equation of detonation products of aluminized explosive can be represented by the following equation
where C is a constant. In each short time range, the change of l Al is small and the parameter l Al can be treated approximately as constant.
The equations which represent the conservation of mass and momentum behind the detonation front of the aluminized explosive are
Based on the method of characteristics line for onedimensional isentropic flow, the Riemann invariant along a right-running characteristic line can be obtained
When g = 3 (only for high-pressure conditions), u + c = constant. Therefore, the right-running wave has a constant slope
The same can be shown for left-running wave.
Initial conditions in each time range
According to the content in section ''The model of aluminized explosive detonation products,'' the characteristics of ideal and aluminized explosive can be obtained, as shown in Figure 2 . There is no reaction in the flow of detonation products of ideal explosive. So, the characteristics of ideal explosive are straight lines. Based on the assumption of local isentropic process, the characteristic of the flow of detonation products of aluminized explosive is divided into several segments along time axis. Due to the reaction of Al particles with detonation products, it can be obtained that Figure 2 . Therefore, the characteristics of detonation products of aluminized explosive will not be straight lines. Consider that the rate of Al oxidation is relatively slow, in each time range, the fraction of reacted aluminum particle is constant approximately and the expansion of detonation products is isentropic. However, the total flow behind the detonation front is nonisentropic. The relationship between time range i and time range i + 1 is necessary to solve the non-isentropic flow of the detonation products analytically. The parameters (such as u, c, r, and p) are along the characteristic line, in each time range, in relation to the fraction of the reacted aluminum. The energy which is released during the Al oxidation mainly increases the internal energy of the products. So, the pressure and temperature of products will increase, and the density and velocity of particles remain unchanged. The parameters of products in the time range i + 1 can be calculated as
where c i is the velocity of sound through the products when its density is r i in the time range i.
The metal plate acceleration test and results
In this article, the metal plate acceleration test under strong constraint was conducted to verify the quasianalytical model. In order to highlight the contribution of reacted aluminum to the acceleration, the aluminized explosive that contain 20% aluminum powder was selected. (Note that the degree of reaction of aluminum powder in the detonation products is highest when the mass fraction of aluminums in the aluminized explosive is 20%-25%.) Two kinds of aluminum powder in diameter were selected to analyze the influence of reaction degree of aluminum powder on calculation results.
(Note that the reaction degree of aluminum powder in the detonation products varies with the diameter of aluminum powder.) The explosives and charge size are shown in Table 1 . The schematic diagram of the metal plate acceleration test is shown in Figure 3 .
The test results of F40 mm 3 0.5 mm metal plate accelerated by RDX/Al/wax (50 mm Al) and RDX/ LiF/wax
The test results are shown in Figure 4 . The motion of the metal plates driven by two kinds of explosive is Figure 2 . Sketch of characteristics for aluminized explosives and ideal explosives. almost same within 1.2 ms. Consider the LiF is inert in the detonation products and the physical property of LiF is similar to Al, we can obtain that aluminum powder in the detonation products is also inert within 1.2 ms. The reaction of aluminum powder begins to contribute to the motion of metal plate after 1.2 ms, and the velocity of metal plate driven by RDX/Al/wax is higher than RDX/LiF/wax.
The test results of F40 mm 3 1 mm metal plate accelerated by RDX/Al/wax (5 and 50 mm Al) and RDX/LiF/wax
The test results are shown in Figure 5 . In this test, the metal plates are thicker than the one given in section ''The test results of F40 mm 3 0. The reaction degree of aluminum powder in the detonation products
Unlike Al powder, LiF always remain inert. The difference in kinetic energy of metal plate is the contribution of Al oxidation to the motion of metal plate. Thus
where s is the efficiency of Al oxidation reaction heat in the products, Q Al is the Al oxidation reaction heat, l is the mass fraction of reacted aluminum, v is the mass of aluminized explosive, a is the mass fraction of aluminum in the explosive, m is the mass of metal plate, and The chemical enthalpy of formation of aluminum powder in the detonation products is calculated and Q Al = 20 kJ/g. The efficiency of reaction heat of aluminum powder for the metal plate test is 0.18. 21 Note that the efficiency of reaction heat of aluminum powder for the metal plate test is obtained from a large number of experiments, and it is an empirical parameter. In this article, the aluminized explosive and experimental conditions are similar to Chen et al., 21 so the parameter is valid in this test. The reaction degree of aluminum powder in the detonation products can be calculated and is shown in Figures 6 and 7 . Note that the acceleration time of aluminized explosive under strong constraint is 0-5 ms. After 5 ms, the shell deformation is large, and the rarefaction wave has a great influence on the acceleration of metal plate. So, the reaction degree was obtained just from 0 to 5 ms.
As shown in Figures 6 and 7 , the reaction degree of aluminum powder in the detonation products is affected by the experimental conditions and the particle size of the aluminum powder.
The theoretical analysis of the motion of metal plate under strong constraint
When the detonation front arrives the metal plate, there will be a reflected compression wave propagating into the products. It is non-simple wave region behind the reflected compression wave, and the non-simple wave region can be represented by the following equations
where the subscript i represents the flow in the time range i, and F i is a parameter related to the mass fraction of aluminum l i . Because l i is constant in time range i which is mentioned in section ''The assumption of the model,'' F i is also a constant in time range i. F 0 is a parameter related to the motion of metal plate.
For the motion of metal plate, the equation of conservation of momentum is
where M is the mass of the metal plate, V is the velocity of the metal plate, S is the surface area of the metal plate, and p m is the pressure of detonation products on the surface of metal plate. By considering the equation of the state, the following equation can be obtained
where c m is the velocity of sound on the surface of metal plate, and p i and c i are the initial condition in the time range i. Inserting equation (19) in (18), we can obtain
When the compression waves arrive the metal plate, the velocity of detonation products change from u i to u m which is equal to V and the velocity of sound also changes from c i to c m . Thus
The derivation of equation (16) is
Inserting equation (20) in (22), we can obtain
In this study, g = 3, and by solving the differential equation (23), we get Advances in Mechanical Engineering
In the time range 1, the initial conditions are
When the first compression wave arrives the metal plate, the boundary conditions are
where r 0 is the initial density of explosive, p H and c H are C-J parameters, L is the length of explosive, and D is the detonation velocity.
Inserting the boundary conditions in equation (24), we can obtain
where h = 32 27 m M .
Inserting equation (30) in (24), we can obtain
where
Inserting equation (31) in (20) and integrating
We can obtain the initial condition and boundary condition of the time range i + 1 from the properties of the time range i. The velocity of metal plate driven by aluminized explosive in time range i + 1 can be calculated as
where t i is the initial time and V i is the initial velocity of metal plate in the time range i + 1.
The initial condition in each time range is given in Appendix 1.
The application of the analytic model and sensitivity analysis

The comparison of calculation and experimental results
In this section, we will apply the analytic model to calculate the motion of metal plate. The characteristics of the explosive which are obtained in test are shown in Table 2 .
The initial conditions are calculated according to the method in section ''Initial conditions in each time range,'' and the boundary conditions are obtained according to the method in section ''The theoretical analysis of the motion of metal plate under strong constraint.'' The calculation results are shown in Table 3 . p H , r H , u H , and c H , respectively, represent the pressure, density, velocity of particle in the products, and sound speed on the detonation front. u m and c m , respectively, represent the velocity of particle in the products and sound speed behind the metal plate.
The comparison of calculation and experimental results that F40 mm 3 0.5 mm metal plate driven by RDX/Al/wax (50 mm Al) and RDX/LiF/wax is shown in Figure 8 .
In Figure 8 , the calculation results are in good agreement with the experimental results within 0-5 ms. The calculated result indicates that the finial velocity of metal plate driven by RDX/Al/wax is 6.5% higher than RDX/LiF/wax. The test result indicates that the finial velocity of metal plate driven by RDX/Al/wax is 6.1% higher than RDX/LiF/wax. Note that the model describes the flow of aluminized explosive products under strong constraint. After 5 ms, the strongly constrained shell failure and the detonation products are greatly affected by the coefficient wave. So, the calculation results are larger than the experimental results after 5 ms.
The comparison of calculation and experimental results that F40 mm 3 1 mm metal plate driven by RDX/Al/wax and RDX/LiF/wax is shown in Figure 9 .
The comparison of calculation and test results is shown in Figure 9 . The metal plates (F40 mm 3 1 mm) are driven by RDX/Al/wax (5 mm Al), RDX/Al/wax (50 mm Al), and RDX/LiF/wax. The quasi-analytical model describes the contribution of the reaction of aluminum powder in the detonation products and the influence of particle size of aluminum powder on the work capacity of explosive correctly. The final velocity of metal plate driven by RDX/Al/wax (5 mm Al) is 2.2% higher than RDX/Al/wax (50 mm Al) and is 8.6% higher than RDX/LiF/wax. In test, the final velocity of metal plate driven by RDX/Al/wax (5 mm Al) is 2.1% higher than RDX/Al/wax (50 mm Al) and is 9.1% higher than RDX/LiF/wax. Note that the stress wave in the metal plates causes the test results to be oscillatory. The test results' oscillation of F40 mm 3 1 mm metal plates is more severe than the thin ones. The influence of stress wave in the metal plate is not considered in the quasi-analytical model, so there is some difference between the calculation results and the experimental results.
The objective of this study is to adopt an alternative approach to develop a highly simplified analytical model. The analytical model captures the contribution of Al oxidation in the detonation products and the motion of metal plate driven by aluminized explosive. Based on the analytic model, the flow of the aluminum explosive products behind the metal plate can be solved. This work will be done in the future.
Sensitivity analysis of the model
The parameters of quasi-analytical model consist of three parts: initial condition, boundary condition, and the reaction degree of aluminum powder. The initial conditions are only related to the property of the aluminized explosive and are calculated according to the method in section ''Initial conditions in each time range.'' Under the strong constraint, the boundaries of metal plate test driven by aluminized explosive are related to the detonation velocity of aluminized explosive and can be obtained according to the method in section ''The theoretical analysis of the motion of metal plate under strong constraint.'' The reaction degree of aluminum powder in the detonation products is the key parameter to describe the contribution of aluminum powder in detonation products correctly. The reaction degree of aluminum powder in the detonation products is related to the test constraint, density of aluminized explosive, mass fraction of aluminum powder in the explosive, and particle size of aluminum powder. The reaction time of explosion is in the order of a microsecond, making it difficult to obtain detailed quantitative data of the reaction degree of aluminum powder by experimental method directly. In section ''The reaction degree of aluminum powder in the detonation products,'' the reaction degree of aluminum powder is calculated indirectly.
The interval of time range is a factor that affects the calculation results. The model will produce large error when the interval of time range is divided too largely. We divided the process of detonation products expanding into 10, 15, 20, 25, and 35 time ranges averagely and calculated the metal plate velocity, respectively. When the process is divided into 20, 25, and 35 time ranges averagely, the velocities of metal plate are almost the same. But the results on 10 and 15 time ranges are not good. If each time range is too large, the mass fraction of reacted aluminum cannot be treated as constant approximately and the result calculated by our model will produce large error.
Conclusion
In this study, a simple model for aluminized explosive products has been constructed. To solve the complicated problem analytically, some assumptions are proposed to simplify the problem. The assumptions consist of three parts: the reaction mechanism of aluminized explosive, the state of aluminum powder in detonation products, and local isentropic process. Based on the assumptions and the classical theory for ideal explosive, a quasi-analytical method is established to analyze the contribution of Al oxidation in the detonation products and acceleration of metal plate driven by aluminized explosive under strong constraint.
To verify the model, the metal plate acceleration test is conducted. In the test, we obtain the acceleration ability of five kinds of explosive and the reaction degree of aluminum powder in the detonation products. The comparison of calculation and test results is conducted, and the calculation results are in good agreement with test results. The sensitivity analysis of the quasianalytical model is conducted in section ''Sensitivity analysis of the model.'' The sensitivity analysis consists of parameters and interval of time range. The reaction degree of aluminum powder and interval of time range are the major factors affecting the calculation results.
The model captures the contribution of the Al oxidation in the products to acceleration ability with simple method. Moreover, the flow of the aluminized explosive products behind the metal plate can be solved based on the model. The analytic model is useful for understanding the flow of the aluminized explosive products.
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